Substrate sequences surrounding catalytic RNAs but not involved in specific, conserved interactions can severely interfere with in vitro ribozyme activity. Using model group II intron precursor transcripts with truncated or randomized exon sequences, we show that unspecific sequences within the 59 exon are particularly prone to inhibit both the forward and the reverse first splicing step (branching). Using in vitro selection, we selected efficient 59 exons for the reverse branching reaction. Precursor RNAs carrying these selected 59 exons reacted more homogeneously and faster than usual model precursor transcripts. This suggests that unfavorable structures induced by the 59 exon can introduce a folding step that limits the rate of in vitro self-splicing. These results stress how critical is the choice of the sequences retained or discarded when isolating folding domains from their natural sequence environments. Moreover, they suggest that exon sequences not involved in specific interactions are more evolutionarily constrained with respect to splicing than previously envisioned.
INTRODUCTION
All natural ribozymes known to date, with the exception of RNase P, have their catalytic core in cis of their long sequence substrates+ In order to perform in vitro studies of their catalytic functions, smaller model precursor transcripts that retain only small segments of the substrate sequences have been designed+ The choice of the substrate sequences retained in these constructs can have dramatic effects on the kinetic behavior of these model precursor transcripts, but there is usually no simple correlation between the length of the precursor RNA and its activity+ An example of this has been analyzed in particularly great detail for the Tetrahymena group I intron+ In this system, when only relatively short exon sequences are retained, a secondary structure element immediately preceding the 59 splice site inhibits self-splicing by competing with base pairing between the 59 exon and the intron (Woodson & Cech, 1991) + When longer 59 exon sequences are kept, however, this inhibitory structure is displaced by the formation of an alternative pairing upstream of the 59 splice site, stabilizing the active conformer of the pre-rRNA (Woodson, 1992; Woodson & Emerick, 1993 )+ Different model precursor transcripts have been described for the aI5g yeast mitochondrial group II selfsplicing intron (Sc+cox1/5 intron)+ In one of the most commonly used constructs, pJD20 (Jarrell et al+, 1988a) , the 887-nt long intron is flanked by 292 nt of 59 exon and 318 nt of 39 exon+ A recent very detailed kinetic analysis of this transcript showed that its splicing reaction exhibits a pronounced biphasic kinetic behavior in all of the various splicing conditions tested (Daniels et al+, 1996) + These data suggested that there are at least two major conformations of the precursor RNA, resulting in a fast and a slow population, the slow population representing as much as 60% of the total population+ Surprisingly, another commonly used model precursor transcript for the same intron, D52 , does not exhibit such a pronounced biphasic behavior, with the slow population not exceeding 10% of the total population (see below)+ This precursor transcript carries the same 887-nt long aI5g intron, but shorter exons than pJD20, with a 68-nt long 59 exon and a 188-nt long 39 exon+ This suggested that these different exon structures strongly influenced the kinetic behaviors of these transcripts+
We first show that the differences in the kinetic behavior of these two model precursors do not depend on their 39 exons, but on their different 59 exons+ Although these observations might indicate that D52 is a model transcript better suited for kinetic studies than pJD20, other observations suggested that the D52 59 exon is not optimal either+ In particular, we show that the D52 59 exon is unable to induce the reversal of the first transesterification reaction (reversal of the first splicing step by transesterification: reverse branching) when added in trans to the free excised intron transcripts, whereas molecules bearing shorter exons are functional+ This suggested that upstream sequences, within the D52 59 exon, induce unfavorable conformations interfering with the binding of the 59 exon by the intron+ By varying the sequences within the 59 exon, upstream of the intron binding sites IBS1 and IBS2, which are required for the binding of the 59 exon to the intron , we show that this behavior is found for a vast majority of random sequences and is not due to specific, rare inhibitory sequences+ We then used in vitro selection on the reverse branching reaction to select long 59 exons that efficiently promote reverse branching when provided in trans+ Among those, we selected one 59 exon that was efficient not only for the debranching reaction, but also for the forward branching reaction+ A precursor transcript carrying this 59 exon proved very efficient when compared to the previously described precursor constructs, indicating that, in the latter, formation of a 59 exon-dependent misfolding limits the rate of splicing+
RESULTS
The 59 exon structure is responsible for the different splicing kinetic behavior of two model precursors
The two commonly used model precursors, D52 and pJD20 (Jarrell et al+, 1988a) , are generated by in vitro transcription of their templates after digestion by EcoR I and Hind III, respectively, generating different 39 exons (188-and 318-nt long respectively)+ A time course of the self-splicing reaction performed with these two precursor transcripts at 45 8C in a standard high-salt buffer [HS buffer: 40 mM MOPS, pH 7+5, 0+1 M MgCl 2 , 0+5 M (NH 4 ) 2 SO 4 ] was monitored by quantification of lariat formation+ Figure 1 shows that these two transcripts have strikingly different kinetic behaviors+ When the reaction time courses were fitted to a bi-exponential (see Fig+ 1 and Materials and Meth-FIGURE 1. Kinetic analysis of self-splicing of D52 and pJD20 model precursors+ The fraction of lariat intron is plotted as a function of time and the data are fitted to a bi-exponential function+ Splicing reactions were performed in HS buffer at 45 8C+ D52 EcoR I and pJD20 Hind III precursors have different 59 and 39 exons+ D52 Ppu10 I and pJD20 Ppu10 I precursors have different 59 exons, but identical 39 exons+ From the fit of the data, we calculated the fraction (frA) and the apparent rate constant k obs of the fastest reacting precursor population+ ods), the D52 transcripts were found essentially homogeneous, with a fast population (k obs ϭ 0+19 6 0+01 min Ϫ1 ) representing 96 6 2% of the population+ In contrast, although the pJD20 transcript reacted identically to D52 during the early time points, the reaction exhibited a pronounced biphasic behavior, the fast population representing only 54 6 3% of the total population+ This is consistent with a previous report (Daniels et al+, 1996) + To determine if these differences were due to their different 39 exons, we generated two transcripts with identical 39 exons by digesting both template plasmids at the unique Ppu10 I restriction site+ The resulting transcripts, here called pJD20-Ppu10I and D52-Ppu10I, both carry the same intron sequences followed by the same 154 nt of 39 exon and differ only by their 59 exons+ Yet, the two transcripts retained their original kinetic specificities (see Fig+ 1), indicating that the pronounced biphasic behavior of the pJD20 transcripts was induced, at least in part, by their 59 exon structure+ Short rather than long 59 exons are efficient for reverse branching Although the above observations suggest that D52 is an adequate model precursor for kinetic studies of the standard forward self-splicing, it was found inefficient in other types of reactions+ Indeed, an important feature of group II intron splicing is the reversibility of the first transesterification reaction (branching reaction; Augustin et al+, 1990; Mörl & Schmelzer, 1990; Chin & Pyle, 1995) + In wild-type introns, however, this reverse branching reaction is inhibited by a conformational change occurring after branching and that drives the reaction forward (Chanfreau & Jacquier, 1996) + This conformational change involves the formation of a tetraloop/receptor interaction between domain II and domain VI, which probably results in the displacement of the branched product (product of the first chemical step) out of the active site (Chanfreau & Jacquier, 1996; Costa et al+, 1997a )+ Mutations that disrupt this interaction, for example, the substitution of the GUAA tetraloop of domain VI in the aI5g intron by a UUCG tetraloop (L6 mutation), result in the branched product being stalled in the active site, inducing a strong enhancement of the first step reversal+ Indeed, the D52 59 exon efficiently promotes reverse branching of an intron-39 exon lariat intermediate transcript carrying the L6 mutation (Chanfreau & Jacquier, 1996) + Surprisingly, when we tried to induce reverse branching of a free lariat intron carrying the L6 mutation but without 39 exon, the D52 59 exon proved to be inefficient, giving rise to aberrant products (labeled "?" on Fig+ 2A) with a mobility substantially greater than the mobility of the expected D52 59 exon-intron transcript but lower than the linear or broken lariat intron (BL)+ Moreover, the apparent K m of the D52 59 exon for this aberrant reaction was very high, in the 10-mM range (data not shown)+ Likewise, a 293-nt long 59 exon (very similar to the 59 exon of the pJD20 transcript) was reported to be unable to promote reverse branching in a system where a 17-nt long 59 exon worked efficiently (Chin & Pyle, 1995) + These results suggested that long 59 exons can adopt unfavorable conformations when used in trans for the debranching reaction (Chin & Pyle, 1995) + In order to understand what limited the use of long 59 exons in the reverse branching reaction, we first characterized the aberrant products obtained in this reaction with the D52 59 exon+ These products migrate between the expected position for D52 59 exon-intron molecules and linear intron or broken lariat (BL; Fig+ 2A)+ Because they are not modified by the debranching enzyme and because they migrate as linear FIGURE 2. Analysis of aberrant reverse branching products formed with the D52 59 exon+ A: Lane 1, products of the self-splicing reaction obtained after 90-min incubation at 45 8C in LS buffer of an L6 mutant D52 59 exon-intron transcript+ These products were used as size markers+ Lane 2, reverse branching products obtained after 90-min incubation at 45 8C in LS buffer of a [ 32 P] internally labeled L6 mutant lariat intron (40 nM) with unlabeled D52 59 exon (5 mM)+ Reaction products were separated on a 4% polyacrylamide, 50% (w/v) urea sequencing gel+ The gel was run until the xylene cyanol dye marker migrated for about 30 cm+ IL, lariat intron; 59 exon-intron, linear 59 exon-intron transcript; BL, broken lariat intron (comigrate with linear intron); ?, aberrant products of the reverse branching reaction obtained with the D52 59 exon, migrating between the broken lariat and the expected (but not detected) D52 59 exon-intron reverse splicing product+ B: Primer extension mapping of the aberrant reverse splicing products+ Lane RT, the aberrant splicing products obtained upon a reverse branching reaction performed with the D52 59 exon were gel purified and used as template for reverse transcription (see Materials and Methods) with a [ 32 P]-59 end-labeled primer complementary to the intron sequence from nt 107 to 125+ Lanes C, T, A, and G correspond to the ddGTP, ddATP, ddTTP, and ddCTP sequence reactions, respectively, performed with double-stranded D52 plasmid DNA and the same 59 end-labeled primer+ The sequence on the right of the figure corresponds to the sequence of sense RNA+ The IBS1 and IBS2 sequences are in white and are labeled accordingly+ Dashed boxes point to the major stops of reverse transcription (run off cDNAs) that correspond to the 59 ends of the aberrant reverse branching products+ P points to a faint band corresponding to the primer extension product of the genuine D52 reverse branching product+ I points to the product of primer extension on the lariat intron that corresponds to the 59 splice site+ C: Sequence shown is that of the D52 59 exon with vector-derived sequences and yeast mitochondrial exonic sequences in lower and upper case letters, respectively+ /, 59 splice site+ Horizontal arrows span the IBS1 and IBS2 sequences as labeled+ Vertical arrows schematize the reverse transcriptase stops mapping the 59 ends of the aberrant reverse branching products+ Their sizes are roughly proportional to the intensity of the corresponding reverse transcriptase stops+ molecules when run on a two-dimensional gel with two different polyacrylamide concentrations (data not shown), these products correspond to linear molecules+ They were not detected when the only label was provided by 32 P phosphorylation of the 59 end of the D52 59 exon, indicating that they do not incorporate the 59 end of the D52 exon molecules (data not shown)+ Primer extension analysis using an intron-specific primer revealed that these products consisted of linear introns linked at their 59 end to RNA fragments corresponding to the 17-27 last nucleotides of the D52 59 exon (Fig+ 2B)+ This exonic region contains the two intronspecific binding sequences, IBS1 and IBS2+ We made the hypothesis that these aberrant products resulted from debranching reactions efficiently induced by small amounts of shorter terminal fragments of the D52 59 FIGURE 2. (Legend on facing page.)
Influence of substrate structure on group II splicing 697 exon (and containing both intron binding sequences IBS1 and IBS2; Fig+ 2C)+ These fragments would inevitably arise from the nonspecific hydrolytic degradation of a small fraction of the large quantities of D52 59 exon transcripts used in these experiments+ This hypothesis is also supported by a previous report indicating that a small 17-nt long 59 exon efficiently promoted reverse splicing, in contrast to a long 59 exon similar to pJD20 (Chin & Pyle, 1995) + To test this hypothesis, we measured the efficiency of a 17-nt long oligoribonucleotide (here termed Rex17 and corresponding to the 17 last exon nucleotides) in our reverse branching assay+ As expected, Rex17 induced the reverse reaction very efficiently+ A time course of reverse splicing in HS buffer at 45 8C using L6 mutant (Chanfreau & Jacquier, 1996) intron lariats and the Rex17 59 exon is shown in Fig- ure 3A+ Use of a wild-type intron instead of the L6 mutant intron resulted in a very inefficient reverse branching reaction (Fig+ 3A), as described previously (Chanfreau & Jacquier, 1996) + As expected for a re- Figure 3B shows, for the L6 mutant intron, the variation of the plateau, pl, as a function of pl/[Ex], from which the plateau at saturating exon concentration, PL, and the affinity, K d , of the lariat intron for the Rex17 exon can be estimated (see Materials and Methods): PL ' 0+48 6 0+01; K d ' 5+8 6 0+6 nM, a value very consistent with the affinity for 59 exon measured for an isolated domain I (10 nM; Qin & Pyle, 1997)+ At saturating 59 exon concentration, the rate constant for reverse branching, k rev , and for branching, k br , can be calculated (see Material and Methods)+ The fit of the time course shown in Figure 3A for 100 nM of Rex17 gives: k rev ' 2+4 6 0+4 min Ϫ1 and k br ' 3+5 6 1+0 min Ϫ1 + The low K d for Rex17 explains why, under our reaction conditions, the D52 59 exon-intron reverse products never arise+ Indeed, as long as they incorporate the 39 terminus of the 59 exon, small D52 exon degradation products (17-27 nt in length) can, even in low amounts, efficiently compete with the D52 59 exon because they have a much more favorable K d + One likely explanation for these observations is that sequences upstream of nt Ϫ27 are responsible for folding of the D52 59 exon into unfavorable conformations, masking the intron binding site sequences+
Effect of 59 exon sequences on the first transesterification reaction
All the above observations indicate that the sequences upstream of the intron binding sites (IBS1 and IBS2) can have strong effects on the kinetics of both the forward and reverse branching reactions+ It was thus of interest to analyze to what extent these unspecific sequences (unspecific in the sense that they are not involved in specific, conserved interactions with the intron) are constrained to allow efficient splicing+
To address this question, we generated an RNA library of '10 10 59 exon variants that could be used both in forward and reverse branching and contained three distinct regions (see Material and Methods): an invariant 20-nt sequence (used for PCR amplification, see below), a 20-nt randomized region, and a 17-nt long region containing the intron binding sequences IBS1 and IBS2+ The sequence of the latter region is equivalent to the sequence of the Rex17 oligoribonucleotide+ We first analyzed, by a rapid method (see Material and Methods), the forward splicing efficiency of 19 precursor RNAs containing different, randomly chosen 59 exons from the library+ The forward splicing kinetics of these transcripts could be adequately fitted to a bi-exponential, as described previously for the pJD20 transcript [see Daniels et al+ (1996) and above]+ The fraction of fast-reacting molecules (frA) and the observed rate of lariat formation (k obs ) for this fast population are shown in Figure 4A and B, respectively (when frA was smaller than 10%, the k obs is given for the overall population)+ Surprisingly, when the 59 exons were chosen at random (round 0), both frA and k obs values were scattered over a broad range, with frA ranging from virtually zero to more than 95% and k obs ranging from more than 0+5 min Ϫ1 to less than 0+01 min Ϫ1 in HS buffer at 45 8C+ Among the 19 precursor variants analyzed, 3 revealed a significant 59 splice site cleavage through hydrolysis+ This result is surprising because, in this case, the choice between branching or hydrolysis for 59 exon release is entirely determined by the exon sequence upstream of IBS2+ The effect of sequences directly upstream of nt Ϫ17 became even more apparent when some of these exon variants were tested for their ability to promote reverse splicing on a L6 mutant intron lariat+ None of the six exons tested did significantly promote reverse branching in HS buffer when used at a concentration of 100 nM (plateau below 0+05; see Fig+ 5A, round 0)+ This compared very poorly to the plateau of '0+5 observed when Rex17 was used at the same concentration (Fig+ 3)+ In LS buffer, three of six exons induced some reverse splicing, but the plateau reached at 100 nM 59 exon remained very low (Fig+ 5B, round 0)+ As observed with the D52 exon, the reactions yielded shorter precursors with a length comparable to the length of the Rex17 59 exon-intron transcript (data not shown)+ The above results show that, when long exons are used, the odds of finding 59 exons efficient for reverse splicing are very low+ Moreover, most of the precursors carrying these exons are severely impaired for the forward first step reaction+ These results show that 59 exon sequences upstream of IBS2 strongly limit both the forward and reverse first step reactions+
In vitro selection of 59 exons
After analyzing the effects of randomly chosen 59 exons on both the branching and the reverse branching reactions, in vitro selection appeared as a straightforward way to look at whether long 59 exons could be found that would be efficient for reverse branching and to see if the precursor transcripts carrying these exons would exhibit better forward kinetics than the precursors carrying randomly chosen exons+ A standard in vitro selection procedure (Ellington & Szostak, 1990; Robertson & Joyce, 1990; Tuerk & Gold, 1990 ) was applied to the 59 exon library in order to isolate, among the '10 10 variants, some 59 exons efficient for the reversal of the first step splicing reaction (see Fig+ 6)+ After two rounds of selection, six 59 exons issued from round 1 and twelve 59 exons issued from round 2 were tested for their efficiency to promote reverse branching+ These assays were performed in HS or LS buffer with 59 exon and L6 mutant intron lariat concentrations of 100 nM and 10 nM, respectively (Fig+ 5A,B)+ The reactions performed with the selected exons reached, on average, a plateau considerably higher than with the nonselected exons (round 0), indicating that these exons had a more favorable Kd+ In the conditions in which the selection was performed (LS buffer), the mean value for the plateau reached with exons from round 2 was 0+37 6 0+08+ The mean value of the plateau measured for Rex 17 in identical conditions and in three independent experiments was similar: 0+40 6 0+06; thus, we did not perform additional rounds of selection+ By evaluating the fraction of molecules that reacted at each selection step, we estimate that the pool complexity dropped below 10 3 variants after the second round of selection+
We next analyzed the selected exons in the forward splicing reaction+ For that purpose, the DNA obtained by RT-PCR of selected exons after each round of selection was used to replace the original D52 59 exon sequence in the D52/pSP64 plasmid (see Materials and Methods)+ These constructs were tested for their ability to perform the splicing reaction in HS buffer+ Because this assay is less time consuming than the reverse branching assay, a larger number of different exons could be quickly analyzed: the frA and k obs values for 26 and 31 transcripts obtained, respectively, after the first and second rounds of selection are shown in Figure 4+ When compared to the nonselected transcripts (round 0), the selected RNAs exhibited a spectacular change in their kinetic profiles, the most spectacular effect being observed on the fraction of fast-reacting molecules, frA, which increased from 0+5 for the nonselected RNAs (round 0) to 0+90 and 0+88 for rounds 1 and 2, respectively (mean values)+ These results revealed that the selection on the reverse reaction had a pronounced effect on forward splicing kinetics, with the selected 59 exons giving rise to considerably more homogeneous populations of precursor RNAs+ One simple explanation to account for the strong effects of sequences upstream of IBS2 on the splicing kinetics is that these sequences can interact with the IBS sequences, thus preventing them from interacting with the intron+ To address this question, we tested if the inability of a 59 exon to induce reverse branching activity could be restored by using an antisense deoxyoligonucleotide complementary to the 40 nt upstream of IBS2+ For that purpose, we chose the pEX2 exon from the starting random pool because, as for the D52 59 exon, it was not able to induce significant reverse branching+ Reverse branching was analyzed after preincubation of 250 nM of the pEX2 exon with 500 nM of the antisense deoxyoligonucleotide+ This restored the first step reverse activity for pEX2, although not to the level observed with pEX93 (Fig+ 7)+ This result strongly suggested that reverse branching is indeed impaired by base pairing of upstream exon sequences to the IBS sequences+
Kinetic characterization of a selected model precursor
As seen above, the model precursor transcripts used previously have their kinetic behaviors for forward and/or reverse branching severely influenced by the nature of the 59 exon they carry+ The availability of precursor transcripts, issued from the selection, that are efficient both for forward and reverse branching gives the opportunity to define new model precursor transcripts with better kinetic behaviors than the previously characterized model precursor RNAs+ Such an RNA precursor, pEX93, was chosen for further characterization+ The sequence of the pEX93 59 exon is: 59-GAA TAC AAG CTT ACA GGT CTA ACC CAA GAC CGG AGG CTA ACG TGG TGG GAC ATT TTC-39+ Some kinetic characterizations were performed for this new precursor model+ Figure 8 compares the time course of branch formation in HS buffer for pEX93 and D52 Ppu10I precursor transcripts+ Fitting the pEX93 time course to a biexponential gave a fraction of fast-reacting molecules, FIGURE 6. 59 Exon in vitro selection procedure+ The starting random exon pool was generated from two oligonucleotides, EXN and EXO, by SP6 in vitro transcription+ Exons that promote reverse branching were selected by incubation with mutant intron lariat (IL/D2ACC) in LS buffer at 45 8C and reverse branching products were selectively amplified by RT-PCR with primers EXO and RT-E+ Additional PCR cycles with primers EXO and Intfok allowed introduction of a Fok I cleavage site at the 59 splice site+ PCR products were digested with Fok I and transcribed into RNA with the SP6 RNA polymerase to generate exon RNA for the next selection round+ frA ' 0+99 6 0+01, with an observed rate constant, k obs ' 0+67 6 0+02 min Ϫ1 + The experimental data thus fitted very well to a simple exponential kinetic model, indicating that the precursor population reacted homogeneously+ This compares very favorably with the values obtained for D52 (frA ' 0+96 6 0+03, k obs ' 0+19 6 0+01 min Ϫ1 )+ The kinetics of reverse branching obtained for pEX93 were then compared to those obtained for Rex17+ The value of the plateau at saturating 59 exon concentration was PL ' 0+46 6 0+03, a value identical to the one obtained for Rex17 ('0+48 6 0+01)+ However, the K d was much higher than that of Rex17: K d ' 525 6 18 nM for pEX93 against '6 nM for Rex17 (see above)+ Figure 9 compares the time courses of reverse branching at saturating exon concentration for pEX93 (2 mM) and Rex17 (0+1 mM)+ For pEX93, the fits gave a rate constant k rev ' 2+8 6 1+0 min Ϫ1 identical to k rev calculated for Rex17 ' 2+4 6 0+4 min Ϫ1 (mean values and standard deviations calculated from two independent experiments)+ This gave a mean value of k rev ' 2+6 6 0+7 min Ϫ1 for the reverse branching reaction+ The rate of the forward branching reaction was also identical for the two different exons+ Its mean value was k br ' 3+5 6 1+0 min Ϫ1 + The pEX93 is thus able to efficiently induce reverse branching of an L6 mutant intron lariat+ The L6 mutation disrupts the domain II/domain VI interaction, shifting the equilibrium between the first and the second step specific conformations toward the first step specific conformation+ Thus, one prediction is that, when splicing is performed in the forward direction with this L6 mutant, and in the absence of 39 exon (to prevent the second splicing step from driving the reaction forward), the reaction should also plateau at about the same level as when the reaction is initiated from the reverse direction+ To test this hypothesis, we introduced a Fok I restriction site at a position allowing digestion of the template at the precise 39 end of the intron in the constructs containing the pEX93 59 exon upstream of the wild-type or L6 mutant introns (see Materials and Methods)+ This allowed the transcription of a pEX93 59 exon-intron wild-type or L6 precursor RNAs devoid of 39 exon+ Figure 10 shows the time course of branching in HS buffer for these two transcripts at a concentration of 10 nM in the presence or absence of an excess (2 mM) of pEX93 59 exon+ The splicing time course observed for the wild-type intron containing transcripts were very similar to each other and to the splicing time course of the corresponding 39 exon containing transcript (see Fig+ 8) , with a plateau of about 95%+ When the L6 mutant intron containing transcript was used, however, the reaction reached a plateau of '81% when no excess of 59 exon was added and a plateau of '43% in the presence of 2 mM of pEX93 59 exon+ Thus, when the domain II/domain VI interaction is disrupted, and in the presence of a concentration of 59 exon exceeding the K d for this exon (to FIGURE 7. Recovery of reverse branching activity with an antisense oligonucleotide+ The figure displays the appearance of precursor RNA in HS buffer at 45 8C, starting from L6 mutant intron lariat after addition of saturating concentrations of ( Ⅲ ) D52 exon, ( ⅙ ) pEX2 exon alone, and ( ᭹) pEX2 exon together with an excess of deoxyoligonucleotide complementary to the exon sequence upstream of nt Ϫ17+ The sequence of pEX2 was: 59-GAA UAC AAG CUU ACA GGU CUU ACG CAA GAA AAC CCA CAG GCG UGG UGG GAC AUU UUC-39 (bases to which the antisense DNA was complementary are underlined)+ When the D52 or the pEX2 exons were added alone, we observed the appearance of a aberrant reverse branching product shorter than expected, which corresponded in length to the linear precursor containing only a 17-nt long exon (data not shown)+ FIGURE 8. Kinetic analysis of self-splicing of the pEX93 precursor compared to the D52 model precursor+ The fraction of excised lariat intron is plotted as a function of time and the data are fitted to a bi-exponential function+ Splicing reactions were performed in HS buffer at 45 8C+ pEX93 and D52 precursors were obtained by in vitro transcription of templates linearized with Ppu10 I+ pEX93 Ppu10 I and D52 Ppu10 I have different 59 exons but identical 39 exons+ From the fit of the data, we calculated the fraction (frA) and apparent rate constant k obs of the fast-reacting precursor population (see text and Materials and Methods)+ prevent the dissociation of the 59 exon/lariat intron complex, product of the forward branching reaction), the reaction reaches an equilibrium between precursor and excised intron+ This is in agreement with a model in which the first transesterification reaction is fully reversible when the intron lariat remains essentially in the first step specific conformation due to the disruption of the domain II/domain VI interaction (Chanfreau & Jacquier, 1996; Costa et al+, 1997a )+
DISCUSSION

Consequences on group II intron self-splicing kinetics
Our results bear valuable information concerning the kinetics of group II intron self-splicing+ First, they show that binding of the 59 exon to the intron in the forward cis-splicing is rate-limiting in model precursor transcripts commonly used so far+ This conclusion is in accordance with the previously mentioned observation that the splicing efficiency of the pJD20 precursor transcript was improved by shortening its exon sequences (Perlman & Podar, 1996) + However, even with the better model precursor transcript selected during this study, pEX93, the first step of forward splicing still appears to be limited by folding of the RNA rather than catalysis+ Indeed, the observed rate of branching in HS buffer and at 45 8C for this precursor transcript is k obs ' 0+67 min Ϫ1 , a value substantially lower than the rate of branching deduced from the reverse branching experiments at saturating 59 exon concentration (k br ' 3+5 6 1+0 min Ϫ1 )+ This difference is due to the fact that, in reverse branching experiments, preincubation of the lariat intron under splicing conditions before addition of the 59 exon avoids part of the folding process to interfere with catalysis+ This is most likely the reason why the value of 3+5 min Ϫ1 is the highest rate of branching determined so far for the aI5g intron+ This rate is similar to the highest rate of branching measured for the newly described Pl+LSU/2 intron from the brown alga Pylaiella littoralis (on the order of 5 min Ϫ1 ), which provides a new lower bound for the rate of chemistry for the first splicing step catalyzed by group II ribozymes (Costa et al+, 1997b )+
Influence of 59 exon on splicing by transesterification versus hydrolysis
In group II introns, the first step of splicing can occur by hydrolysis in vitro (Jacquier & Rosbash, 1986; Jarrell et al+, 1988b )+ Some mutants of the aI5g intron have also been shown to be able to undergo 59 splice site hydrolysis in vivo (Podar et al+, 1998 )+ In a recent report, it was even argued that 59 splice site cleavage by hydrolysis significantly competes with branch forma-FIGURE 9. Kinetic analysis of reverse branching of L6 mutant intron lariat with Rex 17 and pEX93 exon+ Reverse branching kinetics were performed in HS buffer at 45 8C with saturating concentrations of the Rex 17 exon ([Ex] ϭ 100 nM) or pEX93 exon ([Ex] ϭ 2 mM)+ The fraction of linear precursor is plotted as a function of time and the data are fitted to a model for reversible reactions (see text and Materials and Methods)+ This allowed the calculation of rate constants for the reverse branching with a mean k rev ' 2+4 6 0+4 min Ϫ1 and for branching reactions with a mean k br ' 3+5 6 1+0 min Ϫ1 + FIGURE 10. Self-splicing of the pEX93 model precursor in the absence of 39 exon+ The fraction of excised intron lariat is plotted as a function of time+ Splicing reactions were performed in HS buffer at 45 8C+ Precursors consisted of pEX93 exon-intron RNAs and lacked the 39 exon+ Self-splicing was measured for wild-type (wt) or L6 mutant (L6) precursors alone and after addition of a saturating concentration (2 mM) of pEX93 exon (wtϩpEX and L6ϩpEX)+ tion under all conditions in vitro in the wild-type intron (Daniels et al+, 1996) + In buffer containing ammonium sulfate (our HS buffer), however, this is true only for the slow population of precursor transcripts+ This is indeed an important parameter to take into account when using a model precursor transcript like pJD20, because the slow population represents as much as 50% of the overall precursor population+ With model precursor transcripts that react more homogeneously, such as D52 or pEX93, the slow population represents less than 10% of the overall population and the contribution of hydrolysis to splicing can thus be neglected in ammonium sulfate containing buffers+ Also, the highest rate of 59 splice site hydrolysis measured in buffer containing KCl with the wild-type intron containing construct pJD20 is 0+022 min Ϫ1 (Daniels et al+, 1996) , that is 30 times slower than the branching reaction measured here with the pEX93 transcript (0+67 min Ϫ1 )+ 59 Splice site cleavage by hydrolysis is thus markedly less efficient than 59 splice site cleavage by transesterification, at least in this group II intron+ Interestingly, some of the random exons (round 0) analyzed in our study induced efficient hydrolysis of the 59 splice site in a manner not directly correlated to the proportion of slow population (data not shown)+ It would be interesting to analyze why these 59 exon sequences particularly favor the use of the hydrolytic pathway to the expense of the transesterification pathway+
Accessibility of the exonic intron binding sites is critical for an efficient splicing reaction
Precursor transcripts carrying 59 exons selected to promote efficient reverse branching also display dramatically improved forward splicing kinetics when compared to precursor transcripts carrying randomly chosen 59 exons (see Fig+ 4)+ This shows that there is a correlation between the effect of 59 exon structure on the forward and on the reverse branching reactions+ Given that the interaction between IBS and EBS sequences is important for both forward and reverse branching, a sequence upstream of IBS2 that would base pair with the IBS sequences would account for this deleterious effect on both forward and reverse reactions+ In other words, to achieve effective branching, the exonic IBS1 and IBS2 sequences must be prevented from being involved in strong, fast-forming unspecific structures and stay available for binding to the intron+ Interestingly, the inhibitory sequences upstream of IBS2 have different kinetic effects that could be interpreted in terms of folding kinetics+ When the population reacts homogeneously but with a lower rate when compared to a more optimal precursor transcript, this could be interpreted by the inhibitory structures being in a fast equilibrium with the active conformation relative to the rate of catalysis for branch formation+ This case is illustrated by the D52 precursor transcript, for example (see (Jaeger et al+, 1990) , we have analyzed the potential secondary structures that might form in 20 different introns exhibiting various efficiencies for reverse branching+ We found some correlation between the reverse branching efficiency and the strength of the structure involving the IBS sites, but this correlation was far from absolute+ In other terms, it is difficult, from this type of secondary structure modeling, to predict if an exon will be efficient or not for reverse branching+
It is most interesting to note that the D52 59 exon was previously reported to successfully induce reverse branching of the intron-39 exon lariat intermediate (Chanfreau & Jacquier, 1996) , whereas, in our study, this exon is unable to do so on the excised intron lariat+ It thus appears that the presence of the 39 exon can directly or indirectly help the noncovalently linked 59 exon to promote reverse branching+ It would be interesting to determine which type of interaction involving the 39 exon enhances binding of the D52 59 exon to the intron, and to analyze whether this phenomenon has some biological meaning+ Preliminary analyses show that the first 76 nt of the 39 exon are sufficient for this "activation" of the D52 59 exon+ Altogether, our results suggest that the exon sequences upstream of IBS1 and IBS2, although not specific in the sense that they are not conserved and do not form specific interactions with the intron, must nevertheless be much more evolutionarily constrained than previously envisioned+ Alternatively, other specific or unspecific factors could play a crucial role in vivo to relieve these structural constraints+
Relevance to other systems
One of the most striking conclusion of our study is that, when random sequences are added in the exon, upstream of the intron binding sequences 1 and 2 (IBS1 and IBS2), the odds are very high that these sequences will prevent efficient splicing+ As a consequence, none of the model precursors used so far to study this ai5g intron were optimally designed+ Clearly, the same type of constraints must apply, at least to some extent, whenever a specific RNA structural domain must fold within a longer transcript+ For example, it has been shown previously that the nature of the sequences retained upstream of the Tetrahymena group I intron could profoundly influence the in vitro self-splicing activity of this intron (see Woodson, 1992 )+ Our results show that this is not an isolated case and that, in group II introns, this appears even to be the rule+ It appears that the design of an optimal model precursor for a ribozyme is much more difficult than usually thought+ Our observations have strong practical implications+ We can, for instance, predict that many ribozymes, and not only group II introns, that have been reported to perform poorly in vitro, might actually behave much better if the choice of the retained substrate sequences could be done properly+ Whenever it is applicable, the in vitro selection approach is certainly best suited to design such model transcripts+
MATERIALS AND METHODS
Plasmids and DNA templates for in vitro transcription
D52 EcoR I and D52 Ppu10 I precursors were obtained by SP6 transcription of linearized D52/pSP64 plasmid with either EcoR I or Ppu10 I+ pJD20 Hind III and pJD20 Ppu10 I precursors were obtained by T7 transcription of either Hind III-or Ppu10 I-digested pJD20 plasmid (Jarrell et al+, 1988a )+ L6 or D2ACC mutant group II intron precursor RNA was obtained by in vitro transcription from a linearized plasmid containing the L6 or D2ACC mutations as described (Chanfreau & Jacquier, 1996) + Circular intron lariats (IL/L6 and IL/ D2ACC) were obtained by incubating the precursor RNA in HS buffer (see below) for 45 min+ Reaction products were desalted by size-exclusion chromatography on a Chroma Spin-100 column (Clontech) and purified by 4% PAGE+ For constructing plasmids containing selected exons upstream of the aI5g intronic sequence (pEX/pSP64), we first generated a pSP64/Bbs vector by replacing the D52 exon in D52/pSP64 by a double-stranded oligonucleotide adapter containing Hind III, Pst I, and Bbs I cleavage sites+ For that purpose, the adapter and the Taq a I-EcoR I fragment of D52/pSP64 were ligated into the EcoR I Hind III fragment of D52/pSP64+ This resulted in the pSP64/Bbs plasmid with the following sequence between the D52/pSP64 Hind III site and the first intron nucleotides: AGC TTC TGC AGG AAG ACG CTT TC/G A (the slash marks the beginning of the intron sequence)+ Selected exons (pEX) were amplified by PCR with EX0 and Intfok primers, digested by Fok I and Hind III, and ligated into the Bbs I-Hind III fragment of pSP64/Bbs vector DNA (sequence of Intfok primer: ATT ATT TAT GAT AAG GAT GAG ACC GCT C/GA AA; the slash marks the Fok I cleavage site)+ The starting random 59 exon pool was ligated into pSP64/Bbs in a similar way+ The pool was amplified by PCR with the EXO primer and a primer generating a Alw26 I cleavage site at the 39 end of the exon compatible with Bbs I (EXO primer sequence: GGA ATT CGT CTC CGA AAA TGT CCC ACC ACG)+ After Hind III and Alw26 I digestion, the PCR product was ligated into the Bbs I-Hind III fragment of pSP64/Bbs vector DNA+ To construct precursor templates with a Fok I cleavage site at the 39 splice site, we introduced an adapter between the BamH I and EcoR I cleavage sites in a D52/pSP64 mutant in which the first nucleotide of the 39 intron was mutated to a C )+ This resulted in a D52/pSP64/BFE plasmid containing the BamH I, Fok I, and EcoR I sites downstream of intron nt 884 and that had the following sequence: GGA T/CC TAT GTA TCA TCC GAA TTC (the slash marks the 39 splice site)+ The L6 mutant of D52/pSP64/BFE (ϭD52/ pSP64/L6/BFE) was generated by replacing the Bsi W I-EcoR I fragment of this vector by the corresponding fragment from D52/pSP64+ Finally, we replaced the D52 exon by the pEX93 exon by ligating the Hind III-Bsi W I fragment of pEX93/pSP64 into the Bsi W I-Hind III fragment of D52/ pSP64/BFE or D52/pSP64/L6/BFE+ Hence, we obtained the following plasmids: pEX93/pSP64/BFE and pEX93/pSP64/ L6/BFE+ These templates were transcribed into pEX93-intron precursor RNAs after Fok I digestion+ This yielded wt RNA precursors (from pEX93/pSP64/BFE) and L6 RNA precursors (from pEX93/pSP64/L6/BFE)+ In vitro transcriptions were performed as described previously (Chanfreau & Jacquier, 1996 )+
Primer extension analysis
The RNAs were mixed with 1 pmol of [ 32 P]-59 end-labeled oligonucleotide primer in 4 mL of RT buffer (50 mM Tris, pH 8+3; 75 mM KCl; 3 mM MgCl 2 ; 10 mM dithiothreitol), heated for 1 min at 85 8C, and then incubated 10 min at 42 8C+ Elongation was done for 25 min at 42 8C in 8 mL consisting of 50 mM Tris, pH 8+3; 75 mM KCl; 3 mM MgCl 2 ; 10 mM dithiothreitol; 0+05 mg/mL ActinomycinD; 0+5 mM dNTPs; 60 U Mo-MLV reverse transcriptase (superscript, Gibco BRL)+ Reactions were stopped by addition of 8 mL of formamide loading buffer+
In vitro selection of 59 exons
An RNA library with ;10 12 variants was generated by in vitro SP6 transcription of a 74-nt DNA template (EXN) containing 20 randomized nucleotides and a complementary DNA oligonucleotide (EX0) containing the promoter for the SP6 RNA polymerase (EX0 sequence: ATT TAG GTG ACA CTA TAG AAT ACA AGC TTA CAG GTC T)+ The DNA template was designed to result in a 57-nt long 59 exon transcript containing the 20-nt random region flanked by two conserved sequences for in vitro transcription and PCR amplification+ The flanking downstream region corresponded to the 39 end found in 59 exons and contained the two conserved sequences IBS1 and IBS2 (EXN sequence: GAA AAT GTC CCA CCA CG-N 20 -AGA CCT GTA AGC TTG TAT TCT ATA GTG TCA CCT AAA T)+ For the first round of selection, a sample of the RNA library with approximately 10 10 variants was selected for reverse splicing by incubating 2 nM randomized EXN RNA with 1 nM intron lariat (IL/D2ACC) in 60 mL of LS buffer at 45 8C for 5 min+ Reaction products were desalted by size-exclusion chromatography (Chroma Spin-100) and amplified by RT-PCR using the EX0 primer and a primer (RT-E) complementary to a sequence within intron domain I with the sequence: TAT AAT ATA AAA TAA CTG TCA AGA ATA TGG (see Fig+ 6)+ DNA templates ready for transcription were generated by PCR using two primers: EX0 and Intfok, a primer generating a Fok I cleavage site at the 59 splice site+ PCR products were digested by Fok I and transcribed into RNA using the SP6 RNA polymerase+
The second round of selection was performed likewise using 2 nM exon RNA obtained from the first round+ Forward splicing kinetics [ 33 P]-labeled precursor RNA was obtained by SP6 in vitro transcription from DNA templates and 4% PAGE purification+ After ethanol precipitation, RNAs were resuspended in water, heated to 95 8C, and slowly cooled to 45 8C before the addition of splicing buffer+ The rate constants for the first step forward splicing reaction were measured by incubating the precursor RNA (50 nM when not specified otherwise) in LS or HS buffer at 45 8C+ The LS buffer consisted of 100 mM MgCl 2 and 40 mM MOPS, pH 7+5+ The HS buffer consisted of 100 mM MgCl 2 , 500 mM (NH 4 ) 2 SO 4 , and 40 mM MOPS, pH 7+5+ The reactant (linear precursor, P) and reaction product (intron lariat, IL) were separated by 4% PAGE and quantified using a PhosphorImager+ For each time point, the reaction extent was calculated from the ratio IL/(IL ϩ P)+ The reaction time courses were fitted to single or double exponentials using the program IGOR Pro (version 3) from WaveMetrics, Inc+ (P+O+ Box 2088, Lake Oswego, OR 97035, USA)+ For the rapid screening of selected exons for forward splicing efficiency, [
33 P]-labeled precursor RNAs were transcribed from pEX/pSP64 plasmids (purified on Wizard columns, Promega) using the SP6 RNA polymerase in a total volume of 5 mL+ Rate constants were measured by incubating 1 mL of unpurified transcription product in a total of 20 mL HS buffer; 0+8-mL samples were taken at 0, 5, 15, and 60 min and the reaction extents were calculated as described above+
Reverse branching kinetics
Selected exons (pEX) were amplified by PCR with EX0 and Intfok I primers, digested by Fok I, transcribed into RNA using the SP6 RNA polymerase, and purified by 8% PAGE+ The Rex17 exon was obtained by chemical oligonucleotide synthesis (Genset, Paris) and had the following sequence: 59-CGU GGU GGG ACA UUU UC-39+
Rate constants for the reversal of the first step were measured at 0+5 nM [ 33 P]-labeled intron at 45 8C in HS or LS buffer+ Intron and exon were preincubated at 45 8C in HS or LS buffer+ The reaction was started by mixing intron and exon together and samples were taken at different times+ The reactants (intron lariat) and reaction products (linear precursor) were separated by 4% PAGE and quantified using a PhosphorImager+ The reaction can be described by a simple scheme: 
